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Abstract

Condensed tannins (CTs, proanthocyanidins) are widespread polymeric flavan‐3‐ols

known for their ability to bind proteins. In poplar (Populus spp.), leaf condensed tannins

are induced by both biotic and abiotic stresses, suggesting diverse biological functions.

Here we demonstrate the ability of CTs to function as physiological antioxidants, pre-

venting oxidative and cellular damage in response to drought and UV‐B irradiation.

Chlorophyll fluorescence was used to monitor photosystem II performance, and both

hydrogen peroxide and malondialdehyde content was assayed as a measure of oxidative

damage. Transgenic MYB‐overexpressing poplar (Populus tremula× P. tremuloides) with

high CT content showed reduced photosystem damage and lower hydrogen peroxide and

malondialdehyde content after drought and UV‐B stress. This antioxidant effect of CT

was observed using two different poplar MYB CT regulators, in multiple independent lines

and different genetic backgrounds. Additionally, low‐CT MYB134‐RNAi transgenic

poplars showed enhanced susceptibility to drought‐induced oxidative stress. UV‐B ra-

diation had different impacts than drought on chlorophyll fluorescence, but all high‐CT

poplar lines displayed reduced sensitivity to both stresses. Our data indicate that CTs are

significant defences against oxidative stress. The broad distribution of CTs in forest

systems that are exposed to diverse abiotic stresses suggests that these compounds have

wider functional roles than previously realized.
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1 | INTRODUCTION

Condensed tannins (CTs), also known as proanthocyanidins, are wide-

spread plant secondary metabolites with diverse ecological functions.

They are major end products of the flavonoid pathway and consist of

polymeric flavan‐3‐ols ranging in size from 2 to 30 or more subunits

(Dixon et al., 2005; Quideau et al., 2011). The CTs are particularly com-

mon in woody species, where they accumulate in vegetative tissues, in-

cluding leaves, roots and bark (Barbehenn & Constabel, 2011). They are

present in both conifers and broad‐leaved trees and shrubs, including

many keystone species in temperate forests (Mole, 1993). In herbaceous

plants, CTs are generally restricted to the seed coat but are occasionally

found in flowers and leaves. CTs can be found in many food plants, in

particular in grains, nuts and berry fruit, as well as in plant‐based bev-

erages, such as beer and red wine. Diets rich in CTs are considered

beneficial, as high CT intake is correlated with a reduced risk of cardio-

vascular disease, neurodegenerative conditions and other chronic dis-

eases (Prior & Gu, 2005). CTs are excellent in vitro antioxidants,

mainly due to the propensity of phenolics for the donation of a hydrogen

atom and for single‐electron transfer (Quideau et al., 2011).
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The antioxidant activity of CTs is enhanced by their high molecular weight

and proximity of aromatic rings and hydroxyl groups (Hagerman

et al., 1998).

CTs are linked to an astonishing diversity of ecological functions. Like

other tannins, CTs can bind and precipitate proteins. As a result, CTs were

originally proposed to be antinutritive defenses against leaf‐eating insects.

However, CTs generally show low efficacy against lepidopterans, though

at moderate to high concentrations they can be effective defenses

against other insects and vertebrates (Barbehenn & Constabel, 2011). CTs

also have broad antimicrobial activity (Scalbert, 1991), with effects in

plants and the environment. For example, CTs contribute to defense

against Melampsora, a biotrophic pathogen of poplar (Ullah et al., 2017).

In forest soils, litter‐derived CTs inhibit soil microbial activity, slowing litter

decomposition and nutrient cycling (Hättenschwiler & Vitousek, 2000).

CTs in forages such as sainfoin (Onobrychis viciifolia) regulate rumen mi-

crobial activity in cattle and other ruminants, reducing the risk of foaming

and bloat (Waghorn & McNabb, 2003). Thus, CTs have both ecological

and practical importance.

Condensed tannin biosynthesis is generally well understood, in part

based on extensive studies in Arabidopsis (W. J. Xu et al., 2015). Both CT‐

specific and general flavonoid enzymes have been identified and char-

acterized. However, important questions remain regarding the mechan-

ism of polymerization, transport to the vacuole and other potential sites

of localization (Dixon et al., 2005). The pathway is transcriptionally

regulated by the MYB‐bHLH‐WDR (MBW) transcriptional complex.

In Arabidopsis, theTT2 MYB transcription factor is the major determinant

of expression (W. J. Xu et al., 2015). Additional TT2‐like MYB regulators

of the CT pathway have been characterized in other model systems,

including Medicago trunculata, grapevine (Vitis vinifera) and poplar

(Populus). For functional studies, poplar is an excellent model, with

extensive genome databases, efficient transformation protocols and

many ecological interactions (Jansson & Douglas, 2007). Poplar leaves,

bark and roots all produce large amounts of CT, with some species

accumulating up to 25% of leaf dry weight as CTs (Lindroth &

Hwang, 1996). The key regulatory genes of CT synthesis in poplar

have been identified, including both MYB activators and repressors

(James et al., 2017; Ma et al., 2018; Mellway et al., 2009). MYB134 and

MYB115 transcription factors were characterized as specific regulators of

the CT pathway in poplar and shown to interact with flavonoid

and condensed tannin gene promoters in MBW complexes in vivo.

Importantly, when overexpressed in transgenic poplar plants under

the control of a strong constitutive promoter, both MYB genes caused a

50‐fold increase in CTs, but only very minor changes in other flavonoids

(Mellway et al., 2009). Poplar CTs are composed primarily of procyanidin

subunits, with varying proportions of prodelphidin subunits, which

vary by tissue type and are also enhanced by MYB overexpression

(James et al., 2017). The specificity of MYB115 and MYB134 for the CT

pathway was further confirmed using transcriptomic analysis. The

high‐CT transgenic poplars are thus extensively characterized and have

become powerful tools for testing ecological functions of the CTs

(Boeckler et al., 2014; Gourlay & Constabel, 2019; Ullah et al., 2017).

A key feature of CT biosynthesis in Populus is its regulation by both

developmental and environmental signals. In particular, different stresses,

such as herbivory, pathogen infection, UV‐B radiation, high light ex-

posure and nitrogen deficiency can stimulate CT biosynthesis (Gourlay &

Constabel, 2019; Harding et al., 2005; Mellway et al., 2009). These abiotic

and biotic stresses differ in the types of cellular damage or metabolic

disruptions they cause. However, all stimulate the accumulation of re-

active oxygen species (ROS) and lead to oxidative stress. Since CTs are

potent antioxidants in vitro (Hagerman et al., 1998; Quideau et al., 2011),

CT pathway induction by diverse stresses thus suggests that CTs may

function as physiological antioxidants as well. The high CT content in

leaves of forest trees makes it an attractive hypothesis. Furthermore,

other flavonoids, such as anthocyanins, have been found to function as

antioxidants in vivo (Nakabayashi et al., 2014; Z. Xu et al., 2017). We

previously demonstrated that in detached leaves high CT levels protect

tissues against methyl viologen, a superoxide‐generating herbicide

(Gourlay & Constabel, 2019; Gourlay et al., 2020). However, it is not

known if CTs are effective antioxidants in planta and if they can con-

tribute to the protection of intact poplar plants against abiotic stresses

such as drought or UV‐B exposure.

Abiotic stresses have complex and diverse effects on plant cells,

including metabolic disturbances, inhibition of growth and cell death and

ROS generation (Apel & Hirt, 2004; Gill & Tuteja, 2010). While ROS are

typically generated as normal by‐products of metabolism, during adverse

conditions they accumulate to higher levels and exceed rates of removal,

thus causing oxidative stress (Apel & Hirt, 2004; Czarnocka & Karpiński,

2018). In photosynthetic leaves, a major source of ROS during abiotic

stress is disruption of chloroplasts and leakage of electrons from

photosynthetic electron transport chains (Demidchik, 2015; Gill &

Tuteja, 2010). For example, during drought, the stomata close to prevent

water loss, which reduces the leaf capacity for CO2 assimilation and leads

to an overreduction of the electron transport chain in the chloroplast,

generating superoxide via the Mehler reaction (Cruz de Carvalho, 2008;

Miller et al., 2010). Superoxide is short‐lived but can lead to the gen-

eration of highly reactive hydroxyl radicals (Choudhury et al., 2017;

Demidchik, 2015). UV‐B exposure, by contrast, can directly damage

photosystem components and Calvin cycle enzymes. Electron transport

malfunction then leads to the formation of superoxide and other ROS,

which can then damage other cellular components (Foyer et al., 1994;

Kataria et al., 2014). Excess UV‐B also causes the direct production of

hydroxyl radicals in thylakoid membranes, leading to disruption of pho-

tosynthesis and additional ROS (Czégény, Mátai et al., 2016).

Since ROS generated by both drought and UV‐B stress ultimately

damage the photosynthetic apparatus, measuring photosystem function

by chlorophyll fluorescence is commonly used as nondestructive measure

of the impact of abiotic stress (Murchie & Lawson, 2013). It provides a

direct assessment of photosystem functionality, or conversely, photo-

system damage (Maxwell & Johnson, 2000). An indirect measure of da-

mage by ROS is provided by quantifying lipid peroxidation products. Lipid

peroxides are formed by the interaction of ROS with membranes, causing

propagating chain reactions, further membrane damage and ultimately a

break‐down of organelles (Demidchik, 2015; Farmer & Mueller, 2013).

These reactions generate additional lipid radicals and end products, most

commonly malondialdehyde (MDA). MDA is a convenient biochemical

marker for oxidative stress since most ROS are very short‐lived and
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difficult to measure (Noctor et al., 2015). One exception is H2O2, which is

longer‐lived and can be quantified in fresh plant extracts. Therefore,

H2O2 and MDA levels in plant tissues, together with chlorophyll fluor-

escence, are commonly used indicators for oxidative stress in plants.

To respond to oxidative stress and detoxify ROS, plants use a battery

of enzymatic and nonenzymatic mechanisms. Superoxide is rapidly de-

toxified by superoxide dismutase (SOD), a ubiquitous enzyme that con-

verts superoxide to H2O2. SODs can be found in several cellular

compartments, including peroxisomes, mitochondria and plastids. H2O2 is

then converted to water by catalases. In addition, ascorbate peroxidase

(APX EC 1.11.1.11) and glutathione peroxidase (GRx EC 1.11.1.9) convert

H2O2 to water as part of the Foyer‐Asada‐Halliwell (glutathione‐

ascorbate) cycle (Noctor & Foyer, 1998; Pandey et al., 2017). Ascorbate

and glutathione are both abundant soluble antioxidants that scavenge

ROS directly (Apel & Hirt, 2004; Noctor et al., 2014). Plant cells also use

α‐tocopherol (vitamin E) as a lipid‐soluble antioxidant (del Río, 2015).

Additional nonenzymatic mechanisms for scavenging ROS produced

during photosynthesis also include the xanthophyll cycle and the

water–water cycle (Asada, 1999; Demmig‐Adams, 1990). In poplar and

some other tree species, isoprene is emitted from leaves during heat,

drought and other abiotic stresses. Its function in plant stress tolerance is

not completely understood, but it has been proposed to function as an

antioxidant or stabilize photosynthetic membranes following stress

(Behnke et al., 2010; Ryan et al., 2014).

Here, we demonstrate that foliar CTs function as additional none-

nzymatic antioxidants that can protect leaves of poplar saplings against

the oxidative damage caused by drought and UV‐B. We use our ex-

tensively characterized MYB134‐ and MYB115‐overexpressor trans-

genics to show that high‐CT plants sustain substantially less

photosystem II (PSII) damage and accumulate less H2O2 and MDA than

similarly stressed control plants. Conversely, MYB134‐RNAi poplars with

reduced CT content manifest greater oxidative damage. The protective

role of these widespread compounds against both drought and UV‐B

radiation, two distinct ROS‐producing abiotic stresses, supports our

hypothesis that CTs can act as general antioxidants in trees.

2 | MATERIALS AND METHODS

2.1 | Plant growth conditions and treatment

Populus tremula×Populus tremuloides L. (clone INRA 353‐38) wild‐type

(WT), high‐CT transgenic MYB134‐ and MYB115‐overexpressing lines

(James et al., 2017; Mellway, Tran, et al., 2009) and low CT MYB134‐

RNAi plants (Gourlay et al., 2020) were available in the Constabel la-

boratory and propagated as described. For experiments, plantlets were

acclimated and grown for 2 months in a glasshouse (Major &

Constabel, 2006) with supplemental lights to extend day length (average

intensity at 300µmol photons m−2 s−1). Drought experiments were car-

ried out in the Glover Greenhouse at the University of Victoria (latitude

48.46°N) with four individual replicates per independent poplar line per

treatment. Before experiments, pots were first saturated with water.

Drought‐treated plants received 20–30ml of water 3× per day, while

well‐watered plants received 100–150ml of water 3× daily, depending

on plant size. When pot weight stabilized in the drought‐stressed plants

(<10 g difference between days), the plants were considered to be in

drought (Sinclair & Ludlow, 1986). To start recovery, pots were saturated

with water.

For MYB134‐RNAi experiments, both RNAi and WT plants were

first induced by spraying with methyl jasmonate (MeJa) on Days 0, 2,

4 and 6, as described previously (Gourlay et al., 2020), and drought

was initiated on Day 10. This pretreatment was required to stimulate

CT biosynthesis in young poplar and led to a stronger differentiation

between MYB134‐RNAi and WT plants (Gourlay et al., 2020).

For UV‐B experiments, nodal tissue culture cuttings were shipped to

Helmholtz Zentrum München. In vitro grown plants were acclimated and

grown for 8 weeks in a glasshouse and then moved into ‘sun simulator’

chambers. One chamber was programmed to simulate natural sunlight

exposure similar to latitudes in southern Europe (latitude 40°N), including

UV‐B (290–315 nm) and UV‐A (315–400 nm) radiation (Thiel

et al., 1996). In parallel, an identical control chamber exposed plants to

simulated sunlight but without UV‐B. Before UV‐B treatments, all plants

were acclimated to the chambers for 1 week, during which photo-

synthetically active radiation (PAR) was increased gradually from 500 to

1400µmol photons m−2 s−1. During the UV‐B treatment phase, plants

were exposed to visible wavelengths for 16 h (PAR intensity: 1400

photons m−2 s−1) and UV‐B for 13 h (daily biologically effective UV‐B:

46.8 kJm−2) (Kaling et al., 2015). Temperatures were set to 27°C during

the day and 17°C at night (relative humidity 40% and 80%, respectively).

Plants were kept in trays filled with a small amount of water and were

rotated daily. There were six individual replicates per poplar line per

treatment.

Chlorophyll fluorescence measurements for drought experiments

were conducted with an OPTI‐Sciences Modulated Chlorophyll

Fluorometer OS1p (Opti‐Sciences, Inc.) as outlined (Gourlay & Constabel,

2019). All fluorescence measurements were taken at leaf 10. Due to the

sensitivity of Fq′/Fm′ (PS II operating efficiency) to light flecks, fluores-

cence measurements during the drought experiment were taken

predawn under artificial glasshouse lights (300µmol photons m−2 s−1 at

the leaf being measured; PL2000 MIDI 600W, P. L. Light Systems).

Artificial lights had been on for at least 60min to ensure full activity of the

photosystems.

For the UV‐B experiments, chlorophyll fluorescence was measured

with a miniPAM fluorometer (Walz). Both Fq′/Fm′ and Fv/Fm were re-

corded early each day (measurements were taken at approximately 7:30

AM). Dark acclimation clips for Fv/Fm measurements were placed in three

similar locations on each leaf and the chamber was darkened for 30min

before the measurement. All measurements were taken at the same time

of day for each replicated experiment.

2.2 | Morphological and physiological
measurements

Stem diameter 10‐cm from the soil and plant height were taken at key

time points (time zero, beginning of the drought, end of the drought, end
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of recovery) during drought experiments. For UV‐B experiments, mea-

surements were taken at Day 0, Week 1 of UV‐B exposure and Week 2

of UV‐B exposure. Gas exchange analysis during drought experiments

was performed weekly using an LCA4 portable gas exchange system

(ADC Bioscientific Ltd., Global House) on leaf 10. Measurements were

taken at mid‐day for optimal and consistent light intensity. Water use

efficiency (WUE) was recorded as μmol CO2 per mmol H2O. For drought

experiments, the number of necrotic leaves (leaves that showed clear

browning at the leaf edges or general necrosis) was recorded daily. For

UV‐B experiments, gas exchange measurements were taken as described

by Kaling et al. (2015) on leaf 10 using a portable gas exchange system,

GFS‐3000 (Walz). For UV‐B experiments, relative indices of flavonol and

chlorophyll measurements were estimated with a Dualex Multiplex 3.6

handheld optical sensor (Force A, Centre entrepreneurial de l'Institut

d'Optique, Orsay, France) every 3–4 days at the same time of day. Three

measurements per leaf were taken on the adaxial side of each leaf for

mature leaves (leaves 10–11) and young leaves (leaves 2–3).

2.3 | RNA extraction and quantitative reverse
transcription polymerase chain reaction (RT‐qPCR)
analysis

Total RNA was extracted from poplar leaves as previously described

(Yoshida et al., 2015), treated with RQ1 DNase (Promega) and used to

synthesize cDNA using Superscript II reverse transcriptase (Invitrogen)

following the manufacturer's instructions. RT‐qPCR was performed in

20µl reactions using 4µl homemade qPCR master mix on a CFX96 Real

Time system (Bio‐Rad). The master mix (final concentrations) contained

24.1mM Tris‐HCl, 25.9mM Tris‐base, 25mM KCl, 1.5mM MgCl2, 0.5%

(v/v) Tween 20, 4% (v/v) glycerol, 0.83mM dNTP and 5X EVAGreen

SYBR (Biotium) in a total volume of 2ml. Transcript abundance for

MYB134 (Potri.006G221800) was normalized using the geometric mean

of poplar elongation factor (EF1β; Potri.001G224700) and ubiquitin

(UBQ10; Potri.014G115100) expression (Yoshida et al., 2015).

2.4 | Phytochemical and ROS analysis

Twenty‐five milligrams of ground, freeze‐dried tissue was weighed into

2‐ml CryoTubes with four steel beads. Tissue was homogenized and

extracted in 1.5ml of 100% MeOH using a Precellys tissue homogenizer

(Bertin Technologies, Rockville, MD, USA) for 2 × 45 s at 5000 rpm fol-

lowed by centrifugation of 10min at 15 000g. Extractions were repeated

twice more with an additional 1ml MeOH each, giving 3.5ml of total

plant extract. CT analysis was carried out using the butanol‐HCl method

as outlined (Gourlay & Constabel, 2019). Anthocyanins were extracted

and assayed spectrophotometrically following Ma et al. (2018).

Isoprene emission rates were assayed by proton transfer reaction

mass spectrometry (PTR‐MS) according to Behnke et al. (2010). Three

1‐cm diameter leaf discs were excised from leaf 10 at noon and placed in

a glass vial with 1ml of CO2− infused water. The vial was left open for

30min while acclimation occurred and then was sealed, and the vials

were placed on a lightbox for 2 h after which the amount of isoprene

emitted was measured. There were six biological replicates per line for

each treatment. Emission rates were normalized to standard conditions

(1000µmol m−2 s−1 and 30°C) (Behnke et al., 2010).

Hydrogen peroxide levels were assayed on harvested leaves as

outlined in Gourlay and Constabel (2019). MDA concentrations were

determined based on Yu et al. (2015) and Yang et al. (2015) with

modifications as follows. Fifty milligrams of frozen leaf powder were

weighed into a cooled 2‐ml CryoTube with four steel beads, 1.5 ml of

10% (v/v) trichloroacetic acid (TCA) was added, and samples homo-

genized using a Precellys tissue homogenizer for 2 × 45 s at

5000 rpm. Following centrifugation (10min at 12 000g at 4°C), 1 ml

of 0.6% (v/v) thiobarbituric acid (TBA) in 10% (v/v) TCA was added to

1ml of supernatant and the assay mixture incubated at 95°C for

30min in a water bath. Samples were cooled in an ice bath, cen-

trifuged for 10min at 4°C and absorbance read at A400, A532, A600 on

a spectrophotometer (Thermo Spectronic Genesys 10uv Scanning

spectrophotometer, ThermoFisher Scientific). Total MDA content

was calculated according to Yang et al. (2015). Since high CT content

in extracts generated high background absorbance readings in the

MDA assay, we carried out control assays containing assay reagents

minus TBA (same volume; TBA was substituted with 1ml of TCA).

These were used for background corrections.

2.5 | Statistical analyses

Data were analysed using t tests of means, analysis of variance

(ANOVA) or repeated‐measures ANOVA and Tukey honest sig-

nificant difference (HSD) post‐hoc tests in R (https://www.r-project.

org); details are presented in the figure legends. Sources of variation

for ANOVAs were genotype, treatment and their interaction, or

genotype, treatment, time and their interactions.

3 | RESULTS

3.1 | High CT content protects poplar leaves
against drought‐induced damage to PSII and reduces
ROS accumulation

To test the effect of high CT content on drought tolerance of poplar,

we induced drought stress on two high‐CT MYB‐overexpressing and

control P. tremula × P. tremuloides poplars by reducing water supply.

We used two independently transformed transgenic MYB134‐ and

MYB115‐overexpressor lines (James et al., 2017; Mellway, Tran,

et al., 2009). Under the drought conditions imposed, pot weight

stabilized between Day 8 and Day 10; we defined the onset of

drought based on this (Figure 1, Figure S1). Stomatal conductance

measurements confirmed that the plants were in drought after 5 days

of reduced watering (Figure S2). The drought treatment clearly af-

fected all plant lines equally, observed as net CO2 assimilation, re-

duced stomatal conductance and transpiration (Figure S3). All
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drought‐treated plants showed drastically reduced growth rates and

were significantly smaller than well‐watered plants at the end of the

experiment (Figure 1). Both the MYB‐overexpressing and control

plants showed a similar reduction in gas exchange and growth.

The progressive effect of drought stress on the plants was monitored

by chlorophyll fluorescence. Fq′/Fm′ remained constant in well‐watered

control plants throughout drought experiments (Figure 2a,b). Beginning

on Day 11 of drought, WT plants showed a strong reduction in Fq′/Fm′ in

leaves that continued until the recovery period. In contrast, both MY-

B134OE and MYB115OE transgenics demonstrated only a moderate

decline in fluorescence (Figure 2a,b), indicating that PSII in high‐CT plants

was less affected by drought stress than inWT plants. This suggested that

high concentrations of CTs could protect against the effects of drought.

After rewatering, fluorescence increased gradually as the plants began to

recover. However, within the time frame of our experiments, they did not

return to initial starting values. To confirm these observations, we re-

peated the experiment with MYB134‐overexpressor transgenics created

in a different poplar hybrid, P. tremula× Populus alba (clone 717‐B4)

(Mellway, Tran, et al., 2009). These plants have the same high‐CT phe-

notype as the P. tremula× P. tremuloides plants used above. Again, a

strong protective effect of the CTs against the negative effects of drought

on PSII was observed: although drought affected all the plants, Fq′/Fm′

chlorophyll fluorescence remained higher in MYB134‐overexpressing

plants compared to control plants (Figure S4).

We next investigated if the reduced PSII damage in MYB134‐ and

MYB115‐overexpressors after drought stress was due to lower con-

centrations of ROS. At the end of the drought experiment, we quantified

H2O2 in leaf extracts. Only non‐necrotic leaves were sampled. In high‐CT

lines, significantly lower H2O2 content was observed compared to WT

leaves (Figure 2c). Drought induced an increase in H2O2 content in WT

plants as well as MYB overexpressors, but overall levels were lower in

high‐CT lines under both drought and well‐watered conditions compared

to controls. Likewise, after drought, the high‐CT transgenics had almost

three‐fold lower MDA content compared to WT (Figure 2d). We also

observed a strong correlation between H2O2 and MDA concentrations

(Figure 2d, inset). These data suggest that reduced PSII damage in high‐

CT plants after the drought was likely due to reduced ROS build‐up and

less oxidative damage.

3.2 | Reduced foliar CT content makes transgenic
poplar more susceptible to oxidative damage caused by
drought

Our results with high‐CT plants suggested that poplar with low CT

content should be more susceptible to the effects of oxidative stress.

We, therefore, conducted additional drought experiments with

MYB134‐RNAi poplars, which have a reduced capacity to synthesize

CTs (Gourlay et al., 2020). Because glasshouse‐grown poplars (in-

cluding WT) generally contain very little CT unless plants are stres-

sed, we applied a MeJa pretreatment to induce CTs above baseline

levels (Gourlay et al., 2020), after which drought stress was imposed.

In these experiments, the onset of drought occurred on Day 6. The

drought treatment was stopped after 10–12 days due to the greater

drought sensitivity of MYB134‐RNAi plants, which showed more

rapid necrosis and earlier leaf drop than control plants. All drought‐

treated plants grew slower and had reduced stomatal conductance,

rates of CO2 assimilation and transpiration compared to well‐watered

controls. There were no differences in these measures between the

control plants and RNAi lines (Figures S5 and S6).

Chlorophyll fluorescence measurements indicated that the

MYB134‐RNAi transgenics had a greater reduction in Fq′/Fm′ than

WT under drought, a trend which continued through to the recovery

period (Figure 3a). MYB134‐RNAi plants were clearly more suscep-

tible to the effects of drought than WT, although the difference to

WT was less pronounced than with overexpressors. To test if the PSII

damage in the MYB134‐RNAi plants correlated with ROS and lipid

peroxidation as we observed previously, both H2O2 and MDA were

quantified. Under drought stress, three out of the four independently

transformed low‐CT lines had higher H2O2 content than WT,

whereas under well‐watered conditions, only one line displayed sig-

nificantly elevated H2O2 (Figure 3b). Similarly, the MDA content of

the different lines did not differ under non‐stressed conditions, but

following drought stress, all four RNAi lines showed significantly

higher MDA concentrations thanWT (Figure 3c). Again, we observed

a correlation between H2O2 and MDA content. These data suggest

that damage to PSII in the MYB134‐RNAi low‐CT transgenics is the

result of greater ROS accumulation and oxidative damage relative

to WT.

3.3 | Leaf necrosis is inversely proportional to CT
content in drought‐stressed poplar plants

In addition to showing reduced physiological and metabolic stress in-

dicators, the high‐CT transgenics also showed lower rates of leaf ne-

crosis than WT during drought stress (Figure 4). During drought, a

distinct zone of brown tissue formed along the leaf lamina edge, be-

ginning with the oldest leaves. The severity of necrosis was quantified

by the number of new necrotic leaves appearing per week. This para-

meter was inversely proportional to CT concentration. High‐CT trans-

genic poplar saplings were clearly delayed in the development of

necrotic tissue during drought stress and thus developed fewer necrotic

leaves during drought stress than WT plants (Figure 4c). In general, the

high‐CT transgenics took 17–27 days to show any necrosis, whereas

WT plants had symptoms after only 10 days (Figure S7). By contrast,

necrotic symptoms appeared at approximately the same rate in the

MYB134‐RNAi plants compared to controls. However, the severity of

the necrosis was greater in the MYB134‐RNAi lines, which showed

more necrotic leaves per week of drought thanWT (Figure 4d). We note

that in MYB134‐RNAi plants, the CT concentrations were only four‐ to

five‐fold reduced relative to WT, compared to a 50‐fold increase in CT

content in MYB overexpressors. This likely explains why the MYB134‐

RNAi transgenic experiments showed more subtle differences relative

to the WT plants. Nevertheless, in both experiments, we observed less

necrosis with greater CT content.
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3.4 | Impact of UV‐B exposure on growth,
photosynthesis and secondary compounds in
MYB134‐overexpressing and WT poplars

To determine if CTs can protect poplar leaves against oxidative

conditions caused by a different abiotic stress, we exposed high‐CT

transgenic plants to UV‐B radiation. We used custom‐built sun si-

mulator environmental chambers at the Helmholtz Zentrum,

München, enabling close‐to‐natural spectral irradiation including

UV‐B. Due to the constraints of shipping plants, only a subset of

transgenic lines was tested. We first confirmed the effects of UV‐B

exposure on WT plants. As predicted, after 2 weeks of UV‐B ex-

posure, MYB134 transcripts and CT levels increased dramatically

(Figure 5). No induction of CTs was found in either of the high‐CT

transgenic lines, with their constitutively high CT levels (Figure 5). An

increase in anthocyanin content in young leaves was observed fol-

lowing UV‐B exposure, but there were no differences between

transgenics or WT (Figure 5c). We observed a slight increase in

(a) (b)

(c) (d)

F IGURE 1 Time course of drought and impact on stomatal conductance and growth of wild‐type (WT) and high‐CT MYB134‐overexpressing
poplars (P. tremula x tremuloides). (a) Change in plant + pot weight during drought imposed as described in Materials and Methods (for MYB115‐
overexpressor data, see Figure S1). Onset of drought (Day 10) and recovery period (Day 24) are indicated with vertical arrows.
(b) Representative image of well‐watered and drought‐treated WT plants. (c) Stomatal conductance at the end of drought (Day 23). (d) Plant
growth rates for high‐CT MYB134‐overexpressor plants as a change in height between beginning and end of the drought. Letters indicate
significant pairwise differences using Tukey's HSD test (p < 0.05). Red traces and bars indicate drought treatment, blue indicates well‐watered.
Lines 41 and 46 are independent high‐CT MYB134‐overexpressing transgenic lines. Data points are the means of four measurements for four
replicate plants of each line. Error bars represent SE (n = 4). [Color figure can be viewed at wileyonlinelibrary.com]
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relative flavonol content in young and mature leaves for both plant

types due to UV‐B. Chlorophyll content was not impacted by UV‐B

exposure (Figure S8).

We also measured the emission of isoprene, a stress response in

poplar affected by high temperature and strong light. Isoprene emis-

sion was not significantly affected by UV‐B exposure (Figure 6).

However, the high CT transgenics generally emitted less isoprene than

WT. In the 2‐week experimental period, we observed no effect of UV‐

B on growth, and no significant differences in plant growth as mea-

sured using height or stem diameter between WT or high‐CT lines

(Figure S9a,b). An increase in stem diameter appeared to be slightly

lower in both line 41 and line 46 compared to WT, but this difference

was not significant (p < 0.1 UV‐B (−) and p < 0.3 UV‐B (+)). There were

also no differences in lamina length between transgenic lines or in

response to UV‐B (Figure S9c,d). Photosynthetic rate and WUE were

generally not affected by UV‐B, but transpiration rate and stomatal

conductance decreased in UV‐B‐exposed plants compared to plants

without UV‐B (Figure S10). However, there were no differences be-

tween the transgenic lines and WT plants in these parameters.

3.5 | High CT content also protects poplar leaves
against photosystem damage by UV‐B radiation

Plants grown in the sun simulators irradiated with the UV‐A, visible

and near‐infrared part of the solar spectrum but without the UV‐B

radiation showed stable chlorophyll fluorescence measurements for

both light‐adapted (Fq′/Fm′) and dark‐adapted (Fv/Fm) parameters

(a)

(b)

(c) (d)

F IGURE 2 Impact of drought on
chlorophyll fluorescence and H2O2 and
malondialdehyde content in high‐CT MYB‐
overexpressing transgenic and wild‐type (WT)
poplar plants. Chlorophyll fluorescence
(Fq′/Fm′) time course for (a) high‐CT MYB134‐
overexpressing and (b) MYB115‐
overexpressing plants compared to WT
controls. Red dashed lines indicated drought‐
stressed plants, solid blue lines indicate well‐
watered plants. Vertical arrows mark the
beginning of drought (Day 8) and recovery
period (Day 24 and Day 25 for panels a and b,
respectively). Significant differences in
fluorescence between each transgenic line and
WT in drought‐stressed plants are indicated
by horizontal brackets (repeated measures
ANOVA; p < 0.001). (c) H2O2 content in leaves
of high‐CT and WT saplings after drought.
(d) MDA content in leaves before (black bars)
and after (grey bars) drought stress for high‐
CT and WT plants. Lines 4 and 5 are MYB115‐
overexpressors, lines 41 and 46 are MYB134‐
overexpressors. Letters indicate significant
pair‐wise differences using Tukey's HSD test
(p < 0.05). All data points are the means of four
measurements for four replicate plants for
each independent line. Error bars represent SE
(n = 4). Inset shows a correlation of MDA levels
with H2O2 content. [Color figure can be
viewed at wileyonlinelibrary.com]
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throughout the 2‐week experimental period (Figure 7). However, WT

plants grown with UV‐B radiation showed a reduction in fluorescence

for both parameters, falling from 0.78 at the beginning to around 0.7

by the end of the experiment. By contrast, no reduction in chlorophyll

fluorescence was detected in high CT transgenics under the UV‐B

regime (Figure 7a). This indicates that the high‐CT transgenics were

better protected from the damaging effects of UV‐B radiation than

WT plants. The same effect was seen for both Fq′/Fm′ and Fv/Fm: in

both cases, only the WT showed a decrease in PSII fluorescence due

to UV‐B exposure (Figure 7b). Therefore, for both light‐ and dark‐

adapted fluorescence parameters, our data indicated that high CT

plants retained normal PSII function during UV‐B stress.

Similar to what we observed following drought stress, the H2O2

content in the high‐CT transgenics was lower compared to WT.

Although the UV‐B treatment induced elevated H2O2 accumulation

in the high‐CT transgenics, the increase was greater in WT plants

(Figure 7c). Likewise, leaves of WT plants had significantly higher

levels of MDA compared to the high‐CT transgenics after UV‐B ex-

posure (Figure 7d). Again, in both transgenic and WT plants, MDA

levels increased following UV‐B exposure, but less in the transgenic

lines. In general, the increase in H2O2 and MDA under UV‐B radiation

matched the reduction in PSII function observed in WT plants

(Figure 7).

4 | DISCUSSION

4.1 | CTs are cellular antioxidants in poplar trees

Condensed tannins have inherent antioxidant capacity (Hagerman

et al., 1998), but it is not known if they contribute to oxidative stress

resistance in vivo. Here, we used transgenic poplars to demonstrate

that CTs can reduce the negative oxidative effects of two different

abiotic stresses. In both drought and UV‐B experiments, high‐CT

(a)

(b) (c)

F IGURE 3 Impact of drought on chlorophyll fluorescence and H2O2 and malondialdehyde (MDA) content in low‐CT MYB134‐RNAi and
wild‐type (WT) control plants. (a) Chlorophyll fluorescence (Fq′/Fm′) time course for MYB134‐RNAi and WT plants during drought. Red dashed
lines indicate drought‐stressed plants and solid blue lines indicate well‐watered plants. Vertical arrows indicate beginning of drought (Day 6) and
recovery (Day 16). Significant differences in fluorescence between each transgenic line and WT in drought‐stressed plants are indicated by
horizontal brackets (repeated measures ANOVA; p < 0.05). (b) H2O2 levels for low‐CT and WT plants with and without drought treatment.
(c) MDA levels before (black bars) and after (grey bars) drought stress for low‐CT and WT plants. Letters indicate significant pair‐wise differences
using Tukey's HSD test (p < 0.05). Data points are the means of measurements from four replicate plants for each independent transgenic line.
Error bars represent SE (n = 4). (d) Correlation of MDA and H2O2 levels. [Color figure can be viewed at wileyonlinelibrary.com]
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poplar had less H2O2 and lower MDA content and demonstrated less

PSII damage compared to controls. Plants with suppressed CT con-

tent showed the opposite pattern for these parameters after drought.

Finally, drought stress‐generated leaf necrosis was inversely corre-

lated with CT content.

These results shed new light on the biological functions of CTs.

Earlier work with high‐CT poplar plants had focused on biotic

stresses (Boeckler et al., 2014; Ullah et al., 2017), but the impact of

high CT content on abiotic stress resistance on whole plants had not

been tested. Previous observations had shown that UV‐B radiation

induces CTs synthesis and that high CT plants performed somewhat

better than control plants under UV‐B stress (Mellway &

Constabel, 2009; Mellway, Tran, et al., 2009). The current experi-

ments demonstrate a clear protective effect of CTs against drought

and UV‐B. Together with our previous work showing greater

tolerance towards the ROS‐producing herbicide methyl viologen

(a) (b)

(c) (d)

F IGURE 4 Development of leaf necrosis in drought‐stressed poplar. Top panels show representative images of necrosis on leaves of high‐
CT MYB‐overexpressor (a) and RNAi‐suppressed low‐CT transgenics (b) compared to wild‐type (WT) plants after drought. CT concentrations are
shown below the image for each plant. White arrows emphasize the necrotic tissue due to drought stress. (c) Rate of necrosis development in
WT and high CT MYB‐overexpressing poplar expressed as new necrotic leaves/week over the course of the entire experiment. (d) Necrosis
development in low‐CT transgenic MYB134‐RNAi plants compared to WT plants. Letters indicate significant pair‐wise differences using Tukey's
HSD test (p < 0.05). Error bars represent SE (n = 4) for each transgenic line. Insets show correlations of CT content with the rate of necrosis
development. [Color figure can be viewed at wileyonlinelibrary.com]
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(Gourlay & Constabel, 2019; Gourlay et al., 2020), these data de-

monstrate that CTs can protect leaves against ROS‐generating

abiotic stresses. Future experiments will test if these short‐term ef-

fects also translate into enhanced productivity and growth potential.

4.2 | Chlorophyll fluorescence demonstrates
protective effects of CTs and detects distinct patterns
of photosystem damage after drought and UV‐B

Our experiments showed a negative impact on PSII fluorescence and

demonstrated that CTs mitigate these effects against both abiotic stres-

ses tested. Nevertheless, we detected differences in the types of pho-

tosystem damage. Both drought and UV‐B stress led to decreased

Fq′/Fm′. This chlorophyll fluorescence parameter estimates the proportion

of absorbed light that is actually used for PSII photochemistry, that is, the

PSII operating efficiency (Murchie & Lawson, 2013). UV‐B, but not

drought, additionally reduced Fv/Fm. This parameter is a measure of the

maximum quantum yield of PSII; photoinhibition or damage to the pho-

tosystems will be manifested as a reduction in Fv/Fm. The impact of UV‐B

on Fv/Fm, therefore, suggests greater or more long‐lasting damage to the

photosynthetic apparatus compared to drought. This is consistent with

what is known about how both abiotic stresses impact plant function.

Under drought, the damage is caused by ROS in photosynthetically active

leaves only indirectly as a consequence of cellular dehydration and sto-

matal closure (Cramer et al., 2011). Dehydration reduces membrane

stability, and electrons are diverted to oxygen from the thylakoid electron

transport chain and generate ROS in close proximity to the photosystems

(Smirnoff, 1993). Likewise, the reduced internal CO2 concentrations

during stomatal closure cause a build‐up of excitation energy in photo-

synthetic electron transport, which can also generate superoxide (Cruz de

Carvalho, 2008). These ROS reduce PSII efficiency. By contrast, UV‐B

radiation can directly damage proteins associated with PSII, including the

oxygen‐evolving complex and quinone acceptor complexes. This leads to

photosystem inactivation as well as ROS generation (Asada, 2006; Foyer

et al., 1994; Kataria et al., 2014). Additional ROS are generated by

(a) (b)

(c)

F IGURE 5 Induction of MYB134
transcripts, condensed tannins (CT) and
anthocyanin in wild‐type (WT) and high‐CT
MYB‐overexpressing poplar after a 2‐week
UV‐B exposure. (a) MYB134 relative transcript
abundance in WT poplar assayed by
quantitative polymerase chain reaction,
normalized with elongation factor 1β and
ubiquitin transcripts. (b) Concentration of
condensed tannins in high‐CT MYB134‐
overexpressor lines and WT plants as
quantified by butanol‐HCl assays.
(c) Anthocyanin concentration, assayed
spectrophotometrically as outlined in the
Materials and Methods. Letters indicate
significant pair‐wise differences using Tukey's
HSD test (p < .05). Data points represent the
means of six biological replicates (individual
plants). Error bars are SE (n = 6)
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UV‐B‐damaged photosystems from leakage of electrons during photo-

synthetic electron transport (Takahashi & Badger, 2011). Ultimately, this

damage is reflected in a decreased quantum yield of PSII (Fv/Fm). High CT

concentrations protected leaves against this damage, however.

The lack of change in the Fv/Fm parameter in drought experiments

suggested that PSII reactions centres were not inactivated or degraded by

the short drought stress we applied here, although the measure of PSII

efficiency (Fq′/Fm′) was reduced. We note that the hybrid used in our

work, P. tremula× tremuloides, is considered a moderately drought‐

tolerant poplar (Dickmann, 2001). Other work with the drought‐sensitive

Populus× euramericana hybrid ‘Neva’ found that both parameters were

reduced by drought (Liang et al., 2019). Detecting the impacts of drought

on PSII using dark‐adapted parameters (Fv/Fm) might be possible if one

imposed more extreme stress, as has been shown in other species (Kalaji

et al., 2017; Wada et al., 2019). The effect of UV‐B exposure on both

Fv/Fm and Fq′/Fm′ parameters was previously reported by Davey et al.

(2012), who showed that exposing Arabidopsis to UV‐B leads to reduc-

tions in both Fv/Fm and Fq′/Fm′. In tobacco, a negative effect of UV‐B on

Fv/Fm was also seen (Czégény, Le Martret, et al., 2016) Other studies,

however, failed to show an impact on this parameter, for example in P.

cathayana or grapevine (Martinez‐Lüscher et al., 2013; X. Xu et al., 2010).

Abiotic stress adaptations clearly vary widely among species.

4.3 | Potential mechanisms of condensed tannins
for removing ROS

The mechanism(s) by which CTs can interact with or remove ROS still

need to be elucidated. Like most flavonoids, the CTs are generally loca-

lized to the vacuole in living cells (Abeynayake et al., 2011; Gutmann &

Feucht, 1991). By contrast, ROS are produced mostly in the chloroplast,

mitochondria and peroxisomes (Dat et al., 2000). The primary site of

H2O2 production in leaf mesophyll cells during stress is the chloroplast

(Behnke et al., 2010), as light energy exceeds the capacity for carbon

assimilation or thylakoid membranes are damaged. The superoxide gen-

erated via the Mehler reaction is rapidly dismutated to H2O2 by plastidic

SODs (Apel & Hirt, 2004). H2O2 is a relatively stable ROS; if not removed

by catalases it can diffuse throughout the cell (Mittler, 2017). Further-

more, Agati and others have proposed that H2O2 can efficiently cross the

tonoplast into the vacuole via aquaporins (Agati et al., 2012; Bienert

et al., 2007). In mesophyll cells, the cytoplasm consists of a thin layer

surrounding the large central vacuole, and H2O2 production in chlor-

oplasts thus occurs in close proximity to the tonoplast and vacuole.

Within the vacuolar compartment, the degradation of H2O2 involving

APX (ascorbate peroxidase)‐mediated oxidation of flavonols has been

proposed, based on the high affinity of APX for flavonoids (Agati

et al., 2012; Yamasaki et al., 1997). Whether such an APX mechanism

could apply to the CTs as well still needs to be tested. CTs may also

function directly as antioxidants, via single‐electron transfer or H‐atom

transfer (Quideau et al., 2011). Independent of the mechanism, our data

demonstrate that the presence of CTs is associated with reduced H2O2

content in leaves.

Although we only measured H2O2 here, previously we showed

that superoxide accumulation parallels the increase in H2O2 (Gourlay &

Constabel, 2019). Both of these ROS are produced in chloroplasts,

which are found at high density in the palisade cells. Early

histochemical work by Kao et al. (2002) in P. tremuloides localized the

CTs to the palisade cells and lower epidermis. In MYB134 over-

expressing poplar transgenics, CTs were likewise stained in the upper

portion of the palisade layer, as well as the upper epidermis (Mellway,

Tran, et al., 2009). Therefore, CTs are found within or near cells most

active in photosynthesis, and in close proximity to ROS‐producing

areas of the leaf. The spatial correlation of ROS with the CTs thus

supports our antioxidant hypothesis and is summarized in our func-

tional model (Figure 8). The epidermal localization is also relevant for

the direct absorption of UV‐B radiation by CTs (see below).

4.4 | Does CT act as a UV‐B filter?

Despite the clear effect of UV‐B radiation on chlorophyll fluores-

cence inWT poplars, neither fluorescence parameter was impacted in

the high‐CT transgenics. Thus, both Fq′/Fm′ and Fv/Fm time course

profiles were indistinguishable from those for WT plants under non‐

UV‐B conditions (Figure 7). The lack of a negative impact of UV‐B on

chlorophyll fluorescence parameters in the high‐CT transgenics was

surprising and unlike the effects of drought (Figure 3). These data

suggest that in high CT transgenics, PSII was extensively protected

from the damaging effects of UV‐B damage. This difference with

drought stress could again reflect the distinct mechanisms by which

the two stresses generate ROS. We speculate that CTs may ad-

ditionally help to protect against UV‐B stress directly by acting as a

UV‐B screen, and absorbing UV wavelengths and preventing them

from penetrating into the leaf.

F IGURE 6 Isoprene emission rates in high‐CT MYB134‐
overexpressor and wild‐type (WT) poplar with and without UV‐B
exposure. After 2 weeks of UV‐B exposure, isoprene emission rates
were measured as described in Materials and Methods. Letters
indicate significant pair‐wise differences using Tukey's HSD test
(p < 0.05). Data points are the means of six replicate plants for each
independent transgenic line. Error bars represent SE (n = 6).
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The localization of CTs in MYB134‐overexpressors to the upper

epidermis and palisade cells (Mellway, Tran, et al., 2009) supports this

hypothesis. By contrast, leaves of greenhouse‐grown WT saplings

contain CTs mostly in the lower epidermis. Most photosynthesis and

chlorophyll fluorescence activity occur in the palisade cells located

directly below the upper epidermis (Kalaji et al., 2017). In the high‐CT

plants, CTs in the palisade cells could thus shield excess UV‐B and

prevent photosystem damage (Figure 8). To our knowledge, CTs have

never been examined in this context. In solution, flavan‐3‐ols and CTs

have absorption maxima near 280 nm but do absorb in the

280–315 nm range as well (Huvaere & Skibsted, 2015; Laghi

et al., 2010). Furthermore, the role of phenolic acids and flavonoids in

direct UV‐shielding has been documented (Burchard et al., 2000),

supported by localization of these compounds to epidermal cells

(Hutzler et al., 1998; Kaling et al., 2015).

We observed that even the high‐CT leaves manifested an in-

duced accumulation of foliar anthocyanins and flavonols after the

UV‐B treatment (Figure 5, Figure S8). Therefore, at least some cells

experienced sufficient UV‐B radiation to induce the synthesis of

these compounds. In addition, MDA and H2O2 levels in the high‐CT

transgenics increased in response to UV‐B radiation, indicating that

at least some cellular damage and lipid peroxidation had occurred

(Figure 6). To better understand how UV‐B interacts with CTs, more

spatially explicit experimental strategies to determine where ROS is

(a)

(b)

(c) (d)

F IGURE 7 Impact of UV‐B on
chlorophyll fluorescence, malondialdehyde
(MDA) and H2O2 content in high‐CT MYB‐
overexpressing transgenic and wild‐type
(WT) poplars. Plants were exposed to UV‐B
radiation for 15 days as outlined in Materials
and Methods. Top panels show the light‐ and
dark‐adapted chlorophyll fluorescence
during UV‐B exposure in high‐CT transgenic
and WT poplar using Fq′/Fm′ (a) or Fv/Fm
(b). Significant differences to WT of UV‐B
exposed plants in chlorophyll fluorescence
are indicated with horizontal brackets
(repeated measures ANOVA; p < 0.001).
Lower panels show H2O2 content at the end
of the experiment in no‐UV‐B and UV‐B‐
exposed plants (c) and MDA content before
and after UV‐B‐stress (d). Letters indicate
significant pair‐wise differences using
Tukey's HSD test (p < 0.05). Lines 41 and 46
are independent MYB134‐overexpressing
transgenic lines. Data points are the means
of six biological replicates. Error bars
represent SE (n = 6). [Color figure can be
viewed at wileyonlinelibrary.com]
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produced and where CTs accumulate will be needed. For example,

H2O2 could be fluorescently imaged in live leaves (Behnke

et al., 2010), and flavonoids and phenolics imaged using specific dyes

and confocal laser microscopy (Hutzler et al., 1998; Kaling

et al., 2015). Applying such techniques to CTs in poplar will help to

resolve these discrepancies.

Additional clues may come from the analysis of other antioxidant

metabolites. We measured the emission of isoprene, a volatile that

has been extensively studied for its role in abiotic stress responses. It

is emitted in particular during heat stress and has been hypothesized

to help stabilize membranes and prevent lipid denaturation following

oxidative stress (Behnke et al., 2007) or to regulate the production of

ROS via protein nitrosylation (Vanzo et al., 2016). In our experiments,

UV‐B did not increase isoprene emission in poplar, similar to previous

work (Kaling et al., 2015). However, overall lower rates of isoprene

emission were observed in the high‐CT transgenic poplar (Figure 6).

This could be due to a compensatory response, or metabolic trade‐

offs. However, previous work showed that in transgenic poplars with

no isoprene emission, the phenylpropanoid pathway was down-

regulated (Behnke et al., 2010; Kaling et al., 2015; Monson

et al., 2020). Metabolic cross‐talk between the isoprenoid and fla-

vonoid pathways based on the enzyme chalcone isomerase has been

demonstrated in tomato (Kang et al., 2014).

In conclusion, we provide direct evidence that CTs can con-

tribute to resistance against abiotic stress. Despite fundamental dif-

ferences in how drought and UV‐B stress impact plant cells, the

production of ROS and oxidative stress is common to both stresses.

CTs have excellent antioxidant activity in vitro, and our data provide

the first evidence that they have this capacity in an in planta context

as well. Given that CTs comprise a large proportion of fixed carbon in

forest ecosystems, these physiological and ecological roles could

have large‐scale consequences.
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F IGURE 8 Model of direct and indirect effects of stress on leaf palisade cells and the proposed interactions of reactive oxygen species (ROS) with
condensed tannins (CTs). CTs (brown colouration) are located in the palisade and epidermal cells within vacuoles and in close proximity to chloroplasts,
which allows them to participate in the removal of H2O2. ROS are generated in chloroplasts via both direct and indirect effects of stress. Superoxide (O2

−)
is formed in chloroplasts when photosynthetic membranes are damaged or the photosynthetic electron transport chain in Photosystem I is over‐reduced.
H2O2 is formed by dismutation of O2

−. It is more stable and can diffuse throughout the cell and be transported into the vacuole where it interacts with
CTs. These may act directly as antioxidants, or chelate Fe to prevent its interaction with H2O2 and the formation of hydroxyl radicals. Additional
protection against UV‐B is hypothesized to occur via direct absorption of UV irradiation by CTs. Excessive ROS accumulation in chloroplasts and cells
leads to lipid peroxidation and membrane breakdown, and ultimately cell death. Malondialdehyde (MDA) is a product of lipid peroxidation and a marker of
oxidative cell damage. [Color figure can be viewed at wileyonlinelibrary.com]

CTs PROTECTING POPLAR FROM DROUGHT AND UV‐B | 13

http://wileyonlinelibrary.com


CONFLICT OF INTERESTS

The authors declare that there are no conflict of interests.

AUTHOR CONTRIBUTIONS

Geraldine Gourlay, Barbara Hawkins, Jörg‐Peter Schnitzler and C.

Peter Constabel designed and planned the research. Geraldine

Gourlay performed experiments and analysed the data. Andreas

Albert helped with designing, executing and interpreting experi-

ments. Geraldine Gourlay, Barbara Hawkins, Jörg‐Peter Schnitzler

and C. Peter Constabel wrote and edited the manuscript. C. Peter

Constabel agrees to serve as the author responsible for contact and

communication.

DATA AVAILABILITY STATEMENT

The data that support this study are available from the corresponding

author upon request.

ORCID

Barbara J. Hawkins https://orcid.org/0000-0001-9302-9774

Andreas Albert https://orcid.org/0000-0002-0582-2674

Jörg‐Peter Schnitzler https://orcid.org/0000-0002-9825-867X

C. Peter Constabel https://orcid.org/0000-0002-7627-7597

REFERENCES

Abeynayake, S.W., Panter, S., Mouradov, A. & Spangenberg, G. (2011) A
high‐resolution method for the localization of proanthocyanidins in
plant tissues. Plant Methods, 7(1), 1–6. Available from: https://doi.
org/10.1186/1746-4811-7-13

Agati, G., Azzarello, E., Pollastri, S. & Tattini, M. (2012) Flavonoids as

antioxidants in plants: location and functional significance. Plant

Science, 196, 67–76. Available from: https://doi.org/10.1016/j.
plantsci.2012.07.014

Apel, K. & Hirt, H. (2004) Reactive oxygen species: metabolism, oxidative

stress, and signal transduction. Annual Review of Plant Biology, 55(1),
373–399. Available from: https://doi.org/10.1146/annurev.arplant.
55.031903.141701

Asada, K. (1999) The water‐water cycle in chloroplasts: scavenging of
active oxygens and dissipation of excess photons. Annual Review of

Plant Physiology and Plant Molecular Biology, 50(1), 601–639. Avail-
able from: https://doi.org/10.1146/annurev.arplant.50.1.601

Asada, K. (2006) Production and scavenging of reactive oxygen species in
chloroplasts and their functions. Plant Physiology, 141(2), 391–396.
Available from: https://doi.org/10.1104/pp.106.082040

Barbehenn, R. & Constabel, C. (2011) Tannins in plant‐herbivore
interactions. Phytochemistry, 72(13), 1551–1565. Available from:
https://doi.org/10.1016/j.phytochem.2011.01.040

Behnke, K., Ehlting, B., Teuber, M., Bauerfeind, M., Louis, S., Hänsch, R.,
et al. (2007) Transgenic, non‐isoprene emitting poplars don't like it

hot. Plant Journal, 51(3), 485–499. Available from: https://doi.org/
10.1111/j.1365-313X.2007.03157.x

Behnke, K., Kaiser, A., Zimmer, I., Brüggemann, N., Janz, D., Polle, A., et al.
(2010) RNAi‐mediated suppression of isoprene emission in poplar

transiently impacts phenolic metabolism under high temperature
and high light intensities: a transcriptomic and metabolomic analysis.
Plant Molecular Biology, 74(1), 61–75. Available from: https://doi.
org/10.1007/s11103-010-9654-z

Bienert, G.P., Møller, A.L.B., Kristiansen, K.A., Schulz, A., Møller, I.M.,

Schjoerring, J.K. et al. (2007) Specific aquaporins facilitate the
diffusion of hydrogen peroxide across membranes. Journal of

Biological Chemistry, 282(2), 1183–1192. Available from: https://
doi.org/10.1074/jbc.M603761200

Boeckler, G.A., Towns, M., Unsicker, S.B., Mellway, R.D., Yip, L., Hilke, I.,
et al. (2014) Transgenic upregulation of the condensed tannin

pathway in poplar leads to a dramatic shift in leaf palatability for two
tree‐feeding Lepidoptera. Journal of Chemical Ecology, 40, 150–158.
Available from: https://doi.org/10.1007/s10886-014-0383-7

Burchard, P., Bilger, W. & Weissenböck, G. (2000) Contribution of
hydroxycinnamates and flavonoids to epidermal shielding of UV‐A
and UV‐B radiation in developing rye primary leaves as assessed by
ultraviolet‐induced chlorophyll fluorescence measurements. Plant,

Cell and Environment, 23(12), 1373–1380. Available from: https://
doi.org/10.1046/j.1365-3040.2000.00633.x

Choudhury, F.K., Rivero, R.M., Blumwald, E. & Mittler, R. (2017) Reactive

oxygen species, abiotic stress and stress combination. Plant Journal,
90(5), 856–867. Available from: https://doi.org/10.1111/tpj.13299

Cramer, G.R., Urano, K., Delrot, S., Pezzotti, M. & Shinozaki, K. (2011)
Effects of abiotic stress on plants: a systems biology perspective.
BMC Plant Biology, 11(1), 163. Available from: https://doi.org/10.

1186/1471-2229-11-163
Cruz de Carvalho, M.H. (2008) Drought stress and reactive oxygen

species. Plant Signaling & Behavior, 3(3), 156–165. Available from:
https://doi.org/10.4161/psb.3.3.5536

Czarnocka, W. & Karpiński, S. (2018) Friend or foe? Reactive oxygen
species production, scavenging and signaling in plant response to
environmental stresses. Free Radical Biology and Medicine, 122,
4–20. Available from: https://doi.org/10.1016/j.freeradbiomed.
2018.01.011

Czégény, G., Le Martret, B., Pávkovics, D., Dix, P.J. & Hideg, É. (2016)
Elevated ROS‐scavenging enzymes contribute to acclimation to UV‐
B exposure in transplastomic tobacco plants, reducing the role of
plastid peroxidases. Journal of Plant Physiology, 201, 95–100. Avail-
able from: https://doi.org/10.1016/j.jplph.2016.05.026

Czégény, G., Mátai, A. & Hideg, É. (2016) UV‐B effects on leaves–oxidative
stress and acclimation in controlled environments. Plant Science, 248,
57–63. Available from: https://doi.org/10.1016/j.plantsci.2016.
04.013

Dat, J., Vandenabeele, S., Vranová, E., van Montagu, M., Inzé, D. &

van Breusegem, F. (2000) Dual action of the active oxygen species
during plant stress responses. Cellular and Molecular Life Sciences,
57(5), 779–795. Available from: https://doi.org/10.1007/
s000180050041

Davey, M.P., Susanti, N.I., Wargent, J.J., Findlay, J.E., Paul Quick, W.,
Paul, N.D. et al. (2012) The UV‐B photoreceptor UVR8 promotes
photosynthetic efficiency in Arabidopsis thaliana exposed to elevated
levels of UV‐B. Photosynthesis Research, 114(2), 121–131. Available
from: https://doi.org/10.1007/s11120-012-9785-y

Demidchik, V. (2015) Mechanisms of oxidative stress in plants: from
classical chemistry to cell biology. Environmental and Experimental

Botany, 109, 212–228. Available from: https://doi.org/10.1016/j.
envexpbot.2014.06.021

Demmig‐Adams, B. (1990) Carotenoids and photoprotection in plants: a role

for the xanthophyll zeaxanthin. Biochimica et Biophysica Acta, 1020,
1–24. Available from: https://doi.org/10.1016/0005-2728(90)90088-L

Dickmann, D.I. (2001) An overview of the genus Populus. In: Dickmann, D.
I., Isebrands, J.G., Eckenwalder, J.E. & Richardson, J. (Eds.) Poplar
Culture in North America. Part A. Ottawa, Canada: NRC Research

Press.
Dixon, R.A., Xie, D.Y. & Sharma, S.B. (2005) Proanthocyanidins–a final

frontier in flavonoid research? New Phytologist, 165(1), 9–28.
Available from: https://doi.org/10.1111/j.1469-8137.2004.01217.x

Farmer, E.E. & Mueller, M.J. (2013) ROS‐mediated lipid peroxidation and
RES‐activated signaling. Annual Review of Plant Biology, 64(1),
429–450. Available from: https://doi.org/10.1146/annurev-arplant-
050312-120132

14 | GOURLAY ET AL.

https://orcid.org/0000-0001-9302-9774
https://orcid.org/0000-0002-0582-2674
https://orcid.org/0000-0002-9825-867X
https://orcid.org/0000-0002-7627-7597
https://doi.org/10.1186/1746-4811-7-13
https://doi.org/10.1186/1746-4811-7-13
https://doi.org/10.1016/j.plantsci.2012.07.014
https://doi.org/10.1016/j.plantsci.2012.07.014
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1146/annurev.arplant.50.1.601
https://doi.org/10.1104/pp.106.082040
https://doi.org/10.1016/j.phytochem.2011.01.040
https://doi.org/10.1111/j.1365-313X.2007.03157.x
https://doi.org/10.1111/j.1365-313X.2007.03157.x
https://doi.org/10.1007/s11103-010-9654-z
https://doi.org/10.1007/s11103-010-9654-z
https://doi.org/10.1074/jbc.M603761200
https://doi.org/10.1074/jbc.M603761200
https://doi.org/10.1007/s10886-014-0383-7
https://doi.org/10.1046/j.1365-3040.2000.00633.x
https://doi.org/10.1046/j.1365-3040.2000.00633.x
https://doi.org/10.1111/tpj.13299
https://doi.org/10.1186/1471-2229-11-163
https://doi.org/10.1186/1471-2229-11-163
https://doi.org/10.4161/psb.3.3.5536
https://doi.org/10.1016/j.freeradbiomed.2018.01.011
https://doi.org/10.1016/j.freeradbiomed.2018.01.011
https://doi.org/10.1016/j.jplph.2016.05.026
https://doi.org/10.1016/j.plantsci.2016.04.013
https://doi.org/10.1016/j.plantsci.2016.04.013
https://doi.org/10.1007/s000180050041
https://doi.org/10.1007/s000180050041
https://doi.org/10.1007/s11120-012-9785-y
https://doi.org/10.1016/j.envexpbot.2014.06.021
https://doi.org/10.1016/j.envexpbot.2014.06.021
https://doi.org/10.1016/0005-2728(90)90088-L
https://doi.org/10.1111/j.1469-8137.2004.01217.x
https://doi.org/10.1146/annurev-arplant-050312-120132
https://doi.org/10.1146/annurev-arplant-050312-120132


Foyer, C., Lelandais, M. & Kunert, K. (1994) Special review: photooxidative
stress in plants. Physiologia Plantarum, 92, 696–717. Available from:
https://doi.org/10.1111/j.1399-3054.1994.tb03042.x

Gill, S.S. & Tuteja, N. (2010) Reactive oxygen species and antioxidant

machinery in abiotic stress tolerance in crop plants. Plant Physiology
and Biochemistry, 48, 909–930. Available from: https://doi.org/10.
1016/j.plaphy.2010.08.016

Gourlay, G. & Constabel, C.P. (2019) Condensed tannins are inducible
antioxidants and protect hybrid poplar against oxidative stress. Tree

Physiology, 39, 345–355. Available from: https://doi.org/10.1093/
treephys/tpy143

Gourlay, G., Ma, D., Schmidt, A. & Constabel, C.P. (2020) RNAi
suppression of MYB134 transgenic poplar inhibits biosynthesis of
leaf CTs and increases susceptibility to oxidative stress. Journal of

Experimental Botany, 71, 6601–6611. Available from: https://doi.
org/10.1093/jxb/eraa371

Gutmann, M. & Feucht, W. (1991) A new method for selective localization
of flavan‐3‐ols in plant tissues involving glycolmethacrylate
embedding and microwave irradiation. Histochemistry, 96(1),

83–86. Available from: https://doi.org/10.1007/BF00266765
Hagerman, A., Riedl, K., Jones, G., Kara, N., Rit, T., Hartz, P. et al. (1998)

High molecular weight polyphenolics (tannins) as biological
antioxidants. Journal of Agricultural Food Chemistry, 46, 1887–1892.

Harding, S.A., Jiang, H.Y., Jeong, M.L., Casado, F.L., Lin, H.W. & Tsai, C.J.
(2005) Functional genomics analysis of foliar condensed tannin and
phenolic glycoside regulation in natural cottonwood hybrids. Tree
Physiology, 25(12), 1475–1486. Available from: https://doi.org/10.
1093/treephys/25.12.1475

Hättenschwiler, S. & Vitousek, P.M. (2000) The role of polyphenols in
terrestrial ecosystem nutrient cycling. Trends in Ecology & Evolution,
15(6), 238–243. Available from: https://doi.org/10.1016/S0169-
5347(00)01861-9

Hutzler, P., Fischbach, R., Heller, W., Jungblut, T.P., Reuber, S., Schmitz, R., et al.

(1998) Tissue localization of phenolic compounds in plants by confocal
laser scanning microscopy. Journal of Experimental Botany, 49(323),
953–965. Available from: https://doi.org/10.1093/jxb/49.323.953

Huvaere, K. & Skibsted, L.H. (2015) Flavonoids protecting food and
beverages against light. Journal of the Science of Food and Agriculture,

95(1), 20–35. Available from: https://doi.org/10.1002/jsfa.6796
James, A.M., Ma, D., Mellway, R., Gesell, A., Yoshida, K., Walker, V., et al.

(2017) Poplar MYB115 and MYB134 transcription factors regulate
proanthocyanidin synthesis and structure. Plant Physiology, 174(1),

154–171. Available from: https://doi.org/10.1104/pp.16.01962
Jansson, S. & Douglas, C.J. (2007) Populus: a model system for plant

biology. Annual Review of Plant Biology, 58, 435–458. Available from:
https://doi.org/10.1146/annurev.arplant.58.032806.103956

Kalaji, H.M., Schansker, G., Brestic, M., Bussotti, F., Calatayud, A., Ferroni, L.,

et al. (2017) Frequently asked questions about chlorophyll
fluorescence, the sequel. Photosynthesis Research, 132(1), 13–66.
Available from: https://doi.org/10.1007/s11120-016-0318-y

Kaling, M., Kanawati, B., Ghirardo, A., Albert, A., Winkler, J.B., Heller, W.,
et al. (2015) UV‐B mediated metabolic rearrangements in poplar

revealed by non‐targeted metabolomics. Plant, Cell and Environment,
38(5), 892–904. Available from: https://doi.org/10.1111/pce.12348

Kang, J.H., McRoberts, J., Shi, F., Moreno, J.E., Jones, A.D. & Howe, G.A.
(2014) The flavonoid biosynthetic enzyme chalcone isomerase
modulates terpenoid production in glandular trichomes of tomato.

Plant Physiology, 164(3), 1161–1174. Available from: https://doi.
org/10.1104/pp.113.233395

Kao, Y.Y., Harding, S.A. & Tsai, C.J. (2002) Differential expression of two
distinct phenylalanine ammonia‐lyase genes in condensed tannin‐
accumulating and lignifying cells of quaking aspen. Plant Physiology,
130(2), 796–807. Available from: https://doi.org/10.1104/pp.
006262

Kataria, S., Jajoo, A. & Guruprasad, K.N. (2014) Impact of increasing
ultraviolet‐B (UV‐B) radiation on photosynthetic processes. Journal
of Photochemistry and Photobiology B: Biology, 137, 55–66. Available
from: https://doi.org/10.1016/j.jphotobiol.2014.02.004

Laghi, L., Parpinello, G.P., Del Rio, D., Calani, L., Mattioli, A.U. & Versari, A.
(2010) Fingerprint of enological tannins by multiple techniques
approach. Food Chemistry, 121, 783–788.

Liang, G., Bu, J., Zhang, S., Jing, G., Zhang, G. & Liu, X. (2019) Effects of
drought stress on the photosynthetic physiological parameters of

Populus × euramericana “Neva”. Journal of Forestry Research, 30(2),
409–416. Available from: https://doi.org/10.1007/s11676-018-
0667-9

Lindroth, R.L. & Hwang, S.Y. (1996) Clonal variation in foliar chemistry of
quaking aspen (Populus tremuloides Michx.). Biochemical Systematics

and Ecology, 24(5), 357–364. Available from: https://doi.org/10.
1016/0305-1978(96)00043-9

Ma, D., Reichelt, M., Yoshida, K., Gershenzon, J. & Constabel, C.P. (2018)
Two R2R3‐MYB proteins are broad repressors of flavonoid and
phenylpropanoid metabolism in poplar. Plant Journal, 96(5), 1–17.
Available from: https://doi.org/10.1111/tpj.14081

Major, I. & Constabel, C. (2006) Molecular analysis of poplar defense
against herbivory: comparison of wound‐ and insect elicitor‐induced
gene expression, New Phytologist, 172, pp. 617–635. Available from:

https://doi.org/10.1111/j.1469-8137.2006.01877.x/full
Martínez‐Lüscher, J., Morales, F., Delrot, S., Sánchez‐Díaz, M., Gomés, E.,

Aguirreolea, J. et al. (2013) Short‐ and long‐term physiological
responses of grapevine leaves to UV‐B radiation. Plant Science, 213,
114–122. Available from: https://doi.org/10.1016/j.plantsci.2013.

08.010
Maxwell, K. & Johnson, G.N. (2000) Chlorophyll fluorescence–a practical

guide. Journal of Experimental Botany, 51(345), 659–668. Available
from: https://doi.org/10.1093/jexbot/51.345.659

Mellway, R.D. & Constabel, C.P. (2009) Metabolic engineering and

potential functions of proanthocyanidins in poplar. Plant Signaling

and Behavior, 4(8), 790–792. Available from: https://doi.org/10.
4161/psb.4.8.9237

Mellway, R.D., Tran, L.T., Prouse, M.B., Campbell, M.M. & Constabel, C.P.
(2009) The wound‐, pathogen‐, and ultraviolet B‐responsive MY134

gene encodes an R2R3 MYB transcription factor that regulates
proanthocyanidin synthesis in poplar. Plant Physiology, 150(2),
924–941. Available from: https://doi.org/10.1104/pp.109.139071

Miller, G., Suzuki, N., Ciftci‐Yilmaz, S. & Mittler, R. (2010) Reactive oxygen

species homeostasis and signalling during drought and salinity
stresses. Plant, Cell and Environment, 33(4), 453–467. Available
from: https://doi.org/10.1111/j.1365-3040.2009.02041.x

Mittler, R. (2017) ROS are good. Trends in Plant Science, 22(1), 11–19.
Available from: https://doi.org/10.1016/j.tplants.2016.08.002

Mole, S. (1993) The systematic distribution of tannins in the leaves of
angiosperms ‐ a tool for ecological‐studies. Biochemical Systematics

and Ecology, 21(8), 833–846. Available from: https://doi.org/10.

1016/0305-1978(93)90096-A
Monson, R.K., Winkler, B., Rosenstiel, T.N., Block, K., Merl‐Pham, J.,

Strauss, S.H., et al. (2020) High productivity in hybrid‐poplar
plantations without isoprene emission to the atmosphere.
Proceedings of the National Academy of Sciences USA, 117(3),
1596–1605. Available from: https://doi.org/10.1073/pnas.
1912327117

Murchie, E.H. & Lawson, T. (2013) Chlorophyll fluorescence analysis: a
guide to good practice and understanding some new applications.
Journal of Experimental Botany, 64(13), 3983–3998. Available from:
https://doi.org/10.1093/jxb/ert208

Nakabayashi, R., Yonekura‐Sakakibara, K., Urano, K., Suzuki, M.,
Yamada, Y., Nishizawa, T., et al. (2014) Enhancement of oxidative
and drought tolerance in Arabidopsis by overaccumulation of

CTs PROTECTING POPLAR FROM DROUGHT AND UV‐B | 15

https://doi.org/10.1111/j.1399-3054.1994.tb03042.x
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1093/treephys/tpy143
https://doi.org/10.1093/treephys/tpy143
https://doi.org/10.1093/jxb/eraa371
https://doi.org/10.1093/jxb/eraa371
https://doi.org/10.1007/BF00266765
https://doi.org/10.1093/treephys/25.12.1475
https://doi.org/10.1093/treephys/25.12.1475
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1016/S0169-5347(00)01861-9
https://doi.org/10.1093/jxb/49.323.953
https://doi.org/10.1002/jsfa.6796
https://doi.org/10.1104/pp.16.01962
https://doi.org/10.1146/annurev.arplant.58.032806.103956
https://doi.org/10.1007/s11120-016-0318-y
https://doi.org/10.1111/pce.12348
https://doi.org/10.1104/pp.113.233395
https://doi.org/10.1104/pp.113.233395
https://doi.org/10.1104/pp.006262
https://doi.org/10.1104/pp.006262
https://doi.org/10.1016/j.jphotobiol.2014.02.004
https://doi.org/10.1007/s11676-018-0667-9
https://doi.org/10.1007/s11676-018-0667-9
https://doi.org/10.1016/0305-1978(96)00043-9
https://doi.org/10.1016/0305-1978(96)00043-9
https://doi.org/10.1111/tpj.14081
https://doi.org/10.1111/j.1469-8137.2006.01877.x/full
https://doi.org/10.1016/j.plantsci.2013.08.010
https://doi.org/10.1016/j.plantsci.2013.08.010
https://doi.org/10.1093/jexbot/51.345.659
https://doi.org/10.4161/psb.4.8.9237
https://doi.org/10.4161/psb.4.8.9237
https://doi.org/10.1104/pp.109.139071
https://doi.org/10.1111/j.1365-3040.2009.02041.x
https://doi.org/10.1016/j.tplants.2016.08.002
https://doi.org/10.1016/0305-1978(93)90096-A
https://doi.org/10.1016/0305-1978(93)90096-A
https://doi.org/10.1073/pnas.1912327117
https://doi.org/10.1073/pnas.1912327117
https://doi.org/10.1093/jxb/ert208


antioxidant flavonoids. Plant Journal, 77(3), 367–379. Available from:
https://doi.org/10.1111/tpj.12388

Noctor, G. & Foyer, C.H. (1998) Ascorbate and glutathione: keeping active
oxygen under control. Annual Review of Plant Physiology and Plant

Molecular Biology, 49, 249–279.
Noctor, G., Lelarge‐Trouverie, C. & Mhamdi, A. (2015) The metabolomics

of oxidative stress. Phytochemistry, 112(1), 33–53. Available from:
https://doi.org/10.1016/j.phytochem.2014.09.002

Noctor, G., Mhamdi, A. & Foyer, C.H. (2014) The roles of reactive oxygen

metabolism in drought: Not so cut and dried. Plant Physiology,
164(4), 1636–1648. Available from: https://doi.org/10.1104/pp.
113.233478

Pandey, S., Fartyal, D., Agarwal, A., Shukla, T., James, D., Kaul, T., et al.
(2017) Abiotic stress tolerance in plants: myriad roles of ascorbate

peroxidase. Frontiers in Plant Science, 8, 1–13. Available from:
https://doi.org/10.3389/fpls.2017.00581

Prior, R.L. & Gu, L. (2005) Occurrence and biological significance of
proanthocyanidins in the American diet. Phytochemistry, 66(18
SPEC. ISS)., 2264–2280. Available from: https://doi.org/10.1016/j.

phytochem.2005.03.025
Quideau, S., Deffieux, D., Douat‐Casassus, C. & Pouységu, L. (2011) Plant

polyphenols: chemical properties, biological activities, and synthesis.
Angewandte Chemie ‐ International Edition, 50(3), 586–621. Available
from: https://doi.org/10.1002/anie.201000044

del Río, L.A. (2015) ROS and RNS in plant physiology: an overview. Journal
of Experimental Botany, 66(10), 2827–2837. Available from: https://
doi.org/10.1093/jxb/erv099

Ryan, A.C., Hewitt, N., Possell, M., Vickers, C.E., Purnell, A., Mullineaux, P.M.,

et al. (2014) Isoprene emission protects photosynthesis but reduces
plant productivity during drought in transgenic tobacco (Nicotiana
tabacum) plants. New Phytologist, (2014) 201, 205–216. Available from:
https://doi.org/10.1111/nph.12477

Scalbert, A. (1991) Antimicrobial properties of tannins. Phytochemistry, 30(12),

3875–3883. Available from: https://doi.org/10.1016/0031-9422(91)
83426-L

Sinclair, T.R. & Ludlow, M.M. (1986) Influence of soil water supply on the plant
water balance of four tropical grain legumes. Functional Plant

Biology, 13(3), 329–341. Available from: https://doi.org/10.1071/

PP9860329
Smirnoff, N. (1993) The role of active oxygen in the response of plants to

water deficit and desiccation. New Phytologist, 125(52), 27–58.
Takahashi, S. & Badger, M.R. (2011) Photoprotection in plants: a new light

on photosystem II damage. Trends in Plant Science, 16(1), 53–60.
Available from: https://doi.org/10.1016/j.tplants.2010.10.001

Thiel, S., Döhring, T., Köfferlein, M., Kosak, A., Martin, P. & Seidlitz, H.K. (1996)
A phytotron for plant stress research: how far can artificial lighting
compare to natural sunlight? Journal of Plant Physiology, 148(3–4),
456–463. Available from: https://doi.org/10.1016/S0176-1617(96)
80279-3

Ullah, C., Unsicker, S.B., Fellenberg, C., Constabel, C.P., Schmidt, A.,
Gershenzon, J. et al. (2017) Flavan‐3‐ols are an effective chemical
defense against rust infection. Plant Physiology, 175(4), 1560–1578.
Available from: https://doi.org/10.1104/pp.17.00842

Vanzo, E., Merl‐Pham, J., Velikova, V., Ghirardo, A., Lindermayr, C.,
Hauck, S.M., et al. (2016) Modulation of protein S‐nitrosylation by
isoprene emission in poplar. Plant Physiology, 170(4), 1945–1961.
Available from: https://doi.org/10.1104/pp.15.01842

Wada, S., Takagi, D., Miyake, C., Makino, A. & Suzuki, Y. (2019) Responses of
the photosynthetic electron transport reactions stimulate the oxidation
of the reaction center chlorophyll of photosystem I, P700, under
drought and high temperatures in rice. International Journal of Molecular

Sciences, 20(9), 1–16. Available from: https://doi.org/10.3390/
ijms20092068

Waghorn, G.C. & McNabb, W.C. (2003) Consequences of plant phenolic
compounds for productivity and health of ruminants. Proceedings of
the Nutrition Society, 62(2), 383–392. Available from: https://doi.

org/10.1079/PNS2003245
Xu, W.J., Dubos, C. & Lepiniec, L. (2015) Transcriptional control of

flavonoid biosynthesis by MYB‐bHLH‐WDR complexes. Trends in

Plant Science, 20(3), 176–185. Available from: https://doi.org/10.
1016/j.tplants.2014.12.001

Xu, X., Zhao, H., Zhang, X., Hänninen, H., Korpelainen, H. & Li, C. (2010)
Different growth sensitivity to enhanced UV‐B radiation between
male and female Populus cathayana. Tree Physiology, 30(12),
1489–1498. Available from: https://doi.org/10.1093/treephys/
tpq094

Xu, Z., Mahmood, K. & Rothstein, S.J. (2017) ROS induces anthocyanin
production via late biosynthetic genes and anthocyanin deficiency
confers the hypersensitivity to ROS‐generating stresses in
Arabidopsis. Plant and Cell Physiology, 58(8), 1364–1377. Available
from: https://doi.org/10.1093/pcp/pcx073

Yamasaki, H., Sakihama, Y. & Ikehara, N. (1997) Flavonoid‐peroxidase
reaction as a detoxification mechanism of plant cells against H2O2.
Plant Physiology, 115(4), 1405–1412. Available from: https://doi.
org/10.1104/pp.115.4.1405

Yang, Y., Li, X., Yang, S., Zhou, Y., Dong, C., et al. (2015) Comparative
physiological and proteomic analysis reveals the leaf response to
cadmium‐induced stress in poplar (Populus yunnanensis). PLoS ONE, 10(9),
1–20. Available from: https://doi.org/10.1371/journal.pone.0137396

Yoshida, K., Ma, D. & Constabel, C.P. (2015) The MYB182 protein down‐
regulates proanthocyanidin and anthocyanin biosynthesis in poplar
by repressing both structural and regulatory flavonoid genes. Plant
Physiology, 167(3), 693–710. Available from: https://doi.org/10.
1104/pp.114.253674

Yu, B., Zhao, C.Y., Li, J., Li, J.Y. & Peng, G. (2015) Morphological,

physiological, and biochemical responses of Populus euphratica to
soil flooding. Photosynthetica, 53(1), 110–117. Available from:
https://doi.org/10.1007/s11099-015-0088-3

SUPPORTING INFORMATION

Additional supporting information may be found in the online version

of the article at the publisher’s website.

How to cite this article: Gourlay, G., Hawkins, B.J., Albert, A.,

Schnitzler, J.‐P. & Peter Constabel, C. (2021) Condensed

tannins as antioxidants that protect poplar against oxidative

stress from drought and UV‐B. Plant, Cell & Environment,

1–16. https://doi.org/10.1111/pce.14242

16 | GOURLAY ET AL.

https://doi.org/10.1111/tpj.12388
https://doi.org/10.1016/j.phytochem.2014.09.002
https://doi.org/10.1104/pp.113.233478
https://doi.org/10.1104/pp.113.233478
https://doi.org/10.3389/fpls.2017.00581
https://doi.org/10.1016/j.phytochem.2005.03.025
https://doi.org/10.1016/j.phytochem.2005.03.025
https://doi.org/10.1002/anie.201000044
https://doi.org/10.1093/jxb/erv099
https://doi.org/10.1093/jxb/erv099
https://doi.org/10.1111/nph.12477
https://doi.org/10.1016/0031-9422(91)83426-L
https://doi.org/10.1016/0031-9422(91)83426-L
https://doi.org/10.1071/PP9860329
https://doi.org/10.1071/PP9860329
https://doi.org/10.1016/j.tplants.2010.10.001
https://doi.org/10.1016/S0176-1617(96)80279-3
https://doi.org/10.1016/S0176-1617(96)80279-3
https://doi.org/10.1104/pp.17.00842
https://doi.org/10.1104/pp.15.01842
https://doi.org/10.3390/ijms20092068
https://doi.org/10.3390/ijms20092068
https://doi.org/10.1079/PNS2003245
https://doi.org/10.1079/PNS2003245
https://doi.org/10.1016/j.tplants.2014.12.001
https://doi.org/10.1016/j.tplants.2014.12.001
https://doi.org/10.1093/treephys/tpq094
https://doi.org/10.1093/treephys/tpq094
https://doi.org/10.1093/pcp/pcx073
https://doi.org/10.1104/pp.115.4.1405
https://doi.org/10.1104/pp.115.4.1405
https://doi.org/10.1371/journal.pone.0137396
https://doi.org/10.1104/pp.114.253674
https://doi.org/10.1104/pp.114.253674
https://doi.org/10.1007/s11099-015-0088-3
https://doi.org/10.1111/pce.14242



